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Direct current measurements observed from the acoustic Doppler current proﬁlers in the equatorial Indian
Ocean (EIO) and solutions from an ocean general circulation model are investigated to understand the
dynamics of the Wyrtki jet. These jets are usually described as semiannual direct wind forced zonal
currents along the central and eastern EIO. We show that both, spring and fall, Wyrtki jets show
predominant semiannual spectral peaks, but signiﬁcant intraseasonal energy is evident during spring in
the central and eastern EIO. We ﬁnd that for the semiannual band, there is a strong spectral coherence
between the overlying winds and the currents in the central EIO, but no coherency is observed in the
eastern part of the EIO. Moreover, for the intraseasonal band, strong coherency between the winds
and currents is evident. During spring, intraseasonal currents induced by the Madden–Julian oscillation
(MJO) superimpose constructively with semiannual currents and thus intensify the strength of the spring
Wyrtki jet. Also, the atmospheric intraseasonal variability accounts for the interannual variabilities
observed in spring Wyrtki jets.
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1. Introduction
The equatorial Indian Ocean (EIO), unlike the
Paciﬁc and Atlantic Oceans, is characterised by
strong eastward surface currents, forced directly
by the equatorial westerlies, occur during the
intermonsoons (April–May and November),
known as Wyrtki jets (WJs) (Wyrtki 1973). WJs
advect warm surface water eastward and thereby
raise (lower) the sea level and deepen (raise) the
thermocline in the eastern (western) EIO (Rao
et al. 1989; Schott and McCreary 2001). It is
known that this zonal redistribution of heat, salt
Supplementary material pertaining to this article is available on the Journal of Earth System Science website (http://www.
ias.ac.in/Journals/Journal of Earth System Science).
and water mass plays a very important role in
the regional and global climate system (Mur-
tugudde and Busalacchi 1999; Vinayachandran
et al. 1999; Chatterjee et al. 2017). Consider-
ing the signiﬁcance of WJs for the sustaining of
east–west contrast at seasonal to interannual
time scales (Reppin et al. 1999; McPhaden et al.
2015), much attention has been paid in many
studies during the recent decades for quantify-
ing its variability and for understanding its dyn-
amics (McCreary et al. 1993; Han et al. 1999;
Yuan and Han 2006; Nagura and McPhaden 2008,
2010a, b).
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WJs exhibit strong interannual variability caused
by the anomalous wind forcing along the equa-
tor. The equatorial zonal wind and the monsoon
current regions respond strongly to the El Nin˜o
Southern Oscillation (ENSO) phenomena with
weaker (stronger) winds during El Nin˜o (La Nin˜a)
(Alexander et al. 2002). Besides, the existence of
Indian Ocean dipole zonal mode (IODZM) also
causes variations in the magnitude of the fall jet
over interannual time scales (Vinayachandran et al.
1999, 2007; Murtugudde et al. 2000; Gnanaseelan
et al. 2012). In one such study, Joseph et al. (2012)
proposed a weakening of spring WJs during 2006–
2011 apparently associated with La Nin˜a events or
IODZM years preceding La Nin˜a years, when the
location of the latitude of zero zonal winds is close
to the equator.
In addition to these low-frequency variabilities,
signiﬁcant wind forced intraseasonal ﬂuctuations
(of 30–90-day period band) in the zonal equato-
rial current are also reported by many (see, e.g.,
McPhaden 1982; Han et al. 2001; Senan et al. 2003;
Sengupta et al. 2007). Recent advances in ocean
observations, particularly through the Research
Moored Array for African–Asian–Australian Mon-
soon Analysis and Prediction (RAMA) program
(McPhaden et al. 2009) along with other in situ
and satellite observations have led to fresh res-
earch in describing intraseasonal variability along
the EIO (Masumoto et al. 2005; Nagura and
McPhaden 2008, 2012; David et al. 2011; Iskandar
and McPhaden 2011; Chatterjee et al. 2013).
Since most of the studies on WJ dynamics have
focused on time scales at and longer than the semi-
annual periods, the shorter time scale variability
of the equatorial jets in the warm water region
of the eastern EIO has remained as an unsolved
issue. Recently, Deshpande et al. (2017) showed
the role of intraseasonal variability in the inter-
annual variation of spring WJ. Further, they also
hinted about possible inﬂuence of Madden–Julian
oscillation (MJO) in driving the WJ along the
equator. During November 2011, under the dynam-
ics of MJO experiment, Moum et al. (2014) noticed
that MJO wind bursts along the eastern EIO can
considerably strengthen the magnitude of fall WJ
currents. Furthermore, it has been shown that trop-
ical cyclones over the Bay of Bengal also inﬂuence
the magnitude of fall WJs (Sreenivas et al. 2012).
Given the evidence of strong intraseasonal cycle in
the EIO, in the present study, we intend to revisit
the issue of the variability of WJs in the intrasea-
sonal to interannual periods. Note here that while
Senan et al. (2003) have shown strong intraseasonal
variability of zonal equatorial current over the
Indian Ocean, they mainly focused on discussing
the strong eastward intraseasonal currents that
occurred during the Indian summer monsoon sea-
sons and termed them as ‘monsoon jets’. Here, we
primarily focused on examining how ‘intraseasonal
currents’ driven by equatorial intraseasonal winds
aﬀect the spring and fall WJs. Moreover, as MJOs
account for most of the observed intraseasonal vari-
ability in the tropical Indian Ocean, particularly
during November–May, which is the active phase
of MJO in the Indian Ocean (Lau and Wu 2010),
in this study, we try to understand the inﬂuence
of MJOs on the strong equatorial zonal currents of
the Indian Ocean. Speciﬁcally, we try to answer the
following questions: How intraseasonal wind forc-
ing inﬂuence the WJs? and how does this relate to
its observed interannual variability?
In this paper, we mainly rely on in situ data
from the equatorial acoustic Doppler current proﬁl-
ers (ADCPs) from RAMA program in combination
with various other in situ and satellite data sets
and a suite of solutions from an ocean general circu-
lation model. The rest of the paper is organised as
follows. Section 2 details the methodology adopted
in this study. Section 3 describes the observed
variability of WJs and validates our control run
simulation. The relative importance of intrasea-
sonal and semiannual winds in the WJs dynamics
is discussed in section 4. Finally, in section 6, we
conclude and summarise our results.
2. Methodology
Here, we discuss our methodology to address the
problem, describe the observed data set, model
set-up, experiments and analysis techniques being
used. A detail list of data sets used in this study is
provided in table 1.
2.1 Observations
Daily time series of subsurface current data
obtained from the RAMA ADCP buoys, located at
the 80.5◦E and 90◦E along the equator (ﬁgure 1),
are used for this study. The ADCP at 80.5◦E was
deployed in October 2004 and has a data record
till August 2012 with a gap of about a year dur-
ing October 2008 to August 2009 (see table 1). At
90◦E, the ADCP provides a longer record start-
ing from November 2000 to June 2012 with a gap
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Table 1. Details of the data sets used in the present study.
Data set Frequency Source
ADCP (0◦, 90◦E) Daily RAMA
ADCP (0◦, 80.5◦E) Daily RAMA
OLR Daily NOAA/CDC
RMM index Daily Bureau of Meteorology, Australia
Tropﬂux wind stress Daily INCOIS
Short-wave radiation Daily Kalnay et al. (1996)
Long-wave radiation Daily Kalnay et al. (1996)
Surface air pressure Daily Kalnay et al. (1996)
2 m air temperature Daily Kalnay et al. (1996)
Speciﬁc humidity Daily Kalnay et al. (1996)
Precipitation Daily TRMM
River runoﬀ Monthly climatology Vo¨ro¨smarty et al. (1996) and Papa et al. (2010)
Chl Monthly climatology SeaWifs (http://oceancolor.gsfc.nasa.gov/cgi/level3.pl)
Figure 1. Comparison of near surface (40 m) zonal current observed at the 90◦E (top and middle panels) and 80.5◦E (bottom
panel) equatorial ADCP mooring with the MOMCR. Model performs reasonably well in reproducing observed variability
in the EIO. The correlation between the observation and model simulation at both the locations is above 99% signiﬁcance
level. Note here that the strength of the WJs are maximum during spring of 2002 and 2003, whereas it is weakest during
2006–2008.
of about 8 months during March–November 2009.
We excluded the data from the upper 40 m of the
water column for both the ADCPs as they might
have been contaminated by signals reﬂected from
the surface. Also, small gaps less than 10 days are
linearly interpolated for the time-series analysis.
In order to understand the inﬂuence of MJOs
on the equatorial jets, we obtained the daily aver-
aged outgoing long-wave radiation (OLR) data
with a horizontal resolution of 2.5◦ from the
National Oceanic and Atmospheric Administra-
tion’s Climate Diagnostic Center (NOAA/CDC).
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In addition, the real-time multivariate MJO
(RMM) index, which is used to monitor and predict
the climate and weather variations related to the
tropical MJO activities, is obtained from the Aus-
tralian Government Bureau of Meteorology. The
RMM index represents the phase and magnitude
of MJO activity and is calculated using the ﬁrst
two empirical orthogonal functions of the combined
ﬁelds of near-equatorially averaged 850 hPa zonal
wind, 200 hPa zonal wind and satellite observed
OLR data and are available in near real time about
12 h after the end of each Greenwich day (i.e., at
about 1200 UTC).
In order to understand the dynamical forcing
of the equatorial jets, we use daily averaged sur-
face wind derived from TropFlux with 1◦ reso-
lution available from the Indian National Center
for Ocean Information Services (INCOIS) (Kumar
et al. 2013).
2.2 Ocean model
An Indian Ocean model based on modular ocean
model (MOM4p1) has been used to decipher the
role of intraseasonal/semiannual wind forcing on
WJs. The model set-up is described earlier in many
papers (Chatterjee et al. 2013; Shankar et al. 2016).
Model domain spans the Indian Ocean from 30◦E
to 120◦E and 30◦S to 30◦N with uniform horizontal
resolution of 0.25◦ and 40 vertical levels. Bottom
topography is based on ETOPO2 (Sindhu et al.
2007), the minimum depth of the ocean is set to
15 m and ocean points shallower than 15 m are
deepened to the minimum depth. Tracer ﬁelds are
relaxed to climatological values (Chatterjee et al.
2012) with a time scale of 30 days in the 3.5◦ sponge
layer at the eastern and southern open boundaries;
no restoration is applied elsewhere. The vertical
mixing scheme is KPP of Large et al. (1994) with
bulk Richardson number is set to 0.3. For horizon-
tal mixing, a combination of Laplacian and bihar-
monic friction with Smagorinsky mixing coeﬃcient
of 0.01 (velocity scale 0.04 m s−1) and 0.1 (velocity
scale 0.00 m s−1), respectively, has been used.
The model is forced by the daily TropFlux wind
ﬁeld for 2000–2014, a period during which moored
observations under the RAMA program are avail-
able. The forcing ﬁelds such as radiative ﬂuxes
(long wave and short wave), air temperature and
speciﬁc humidity are obtained from TropFlux. Pre-
cipitation is from the NCEP/NCAR reanalysis
(Kalnay et al. 1996) while river inputs are intro-
duced into the top 10 m as runoﬀs from Papa
et al. (2010) and Vo¨ro¨smarty et al. (1996). Monthly
climatology of the surface Chl from SeaWifs is used
to calculate the short-wave penetration into the
ocean (see table 1 for more detail of the forcing
ﬁelds).
2.3 Numerical experiments
The model is initialised using climatological
temperature and salinity from the north Indian
Ocean Atlas (Chatterjee et al. 2012) and spun-up
for a 40 years using climatological forcing ﬁelds
derived based on 2000–2014 interannual forcing.
Once the model achieved its quasi-steady state, it
is forced with interannual forcing for 2000–2014.
This is the most complete solution in the suite and
is referred as solution MOMCR. Further, in order
to understand the comparative eﬀect of semiannual
and intraseasonal winds on the interannual vari-
abilities of the WJs, we carried out the couple of
idealised experiments using MOM4p1. In one of
such experiment the model is forced by the 120-
day low-pass ﬁltered zonal and meridional wind
stresses and are referred as MOM120lo; therefore,
considering the linear nature of the central and
eastern EIO (Han et al. 1999, 2001, 2011; Han
2005; Miyama et al. 2006; Nagura and McPhaden
2012), we expect the solution will be dominated by
the seasonal/annual variability. In another exper-
iment, in order to account for the intraseasonal
variability, model is forced by the 120-day high-
pass ﬁltered interannual wind stresses and are
referred to as MOM120hi. However, for MOM120hi
experiment, in order to avoid any drift in the model
background state, in the absence of seasonal wind
forcing, model is initialised every year using the
model state from MOMCR for 1st January of the
corresponding year. Additionally, we have aver-
aged over the entire interannual simulation period
of MOMCR, MOM120lo, MOM120hi to get the
climatological solutions and hereafter referred as
CLIM, CLIM120lo and CLIM120hi, respectively.
Speciﬁc physical processes that are isolated by each
of the above solutions are discussed in detail in sec-
tion 4 and a list of experiments is given in table 2.
2.4 Filters and wavelet
To focus our analysis on intraseasonal-to-seasonal
time scales, we have employed a fourth-order
low-pass recursive Butterworth ﬁlter. The But-
terworth ﬁlter is preferred as it is maximally
ﬂat in the pass-band and provides virtually no
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Table 2. List of experiments.
Name of the
experiment Forcing characteristics
MOMCR Wind stress from 2000–2015 QSCAT/ASCAT winds
MOM120lo 120-day low-pass ﬁltered wind stress for 2001–2014
MOM120hi 120-day high-pass ﬁltered wind stress for 2001–2014 and model is
initialised every 1st January using MOMCR
CLIM Climatology derived from MOMCR solutions of 2000–2014
CLIM120lo Climatology derived from MOM120lo solutions of 2000–2014
CLIM120hi Climatology derived from MOM120hi solutions of 2000–2014
CLIMdiﬀ Diﬀerence of solution CLIM and solution CLIM120lo
CLIM120lohi 120-day high-pass ﬁlter of solution CLIM120lo
distortion of the low-frequency component. For
the semiannual/seasonal component of the wind
stress, the low-pass Butterworth ﬁlter of a cut-oﬀ
period of 120 days is applied. Furthermore, the
intraseasonal signal is computed with the high-
pass ﬁlter with a 120 days cut-oﬀ. Note here that
Butterworth ﬁlter ensures that energy of the
spectrum goes to half at the cut-oﬀ period and
thus, 120-day low-pass ﬁltered signal will have a
weaker tail of high-frequency signals below 120-
day period. Similarly, a 120-day high-pass signal
will lose some energy close to the cut-oﬀ period.
Hence, we opted to employ a broader window than
the intraseasonal band.
In order to illustrate the dominant time scales
of equatorial zonal currents and zonal wind stress,
we have also used a wavelet analysis tool based
on Morlet wavelet function (Popin´ski et al. 2002).
Morlet wavelet is especially convenient for anal-
ysing signals with a wide range of dominant
frequencies which are localised in diﬀerent time
intervals.
3. Observations and model control run
Here, we review the observed interannual vari-
ability of WJs and validate our model’s capability
to simulate these equatorial features. Since the
observed currents from the RAMA data have a gap
of about a year during 2009, thus precludes us from
applying the spectral analysis over the entire data
record.
The eastward WJs are evident at both the
equatorial ADCP locations (80.5◦E and 90◦E) in
the monsoon transition period i.e., during April–
May and October–November (ﬁgures 1 and S1).
The strength of these jets can go up to 1–1.6 m s−1
with maximum variability generally conﬁned to
the upper 100–120 m of the water column. Note
that the zonal current shows a large spatial and
temporal variability. The signal at 80.5◦E is domi-
nated mainly by the semiannual signal, whereas at
90◦E the energy in the semiannual band reduces
signiﬁcantly and signals are primarily dominated
by the intraseasonal variability (ﬁgure 2). More-
over, at both locations, the strength (ﬁgures 1
and S1) and the vertical extent (ﬁgure not shown)
of the jet display large interannual variability. In
the eastern EIO (90◦E) spring jet is particularly
stronger for the years 2002, 2003, moderate during
2004, 2005 and 2013 and weaker (or absent) dur-
ing the rest of the years. Whereas during fall WJs
are generally weaker at this location. On the other
hand, central Indian Ocean (80.5◦E) shows a simi-
lar interannual characteristics, but here fall jets are
equally strong for almost all the years.
The comparison of the MOMCR simulated zonal
current with observations suggests that the model
does very well in capturing the observed sea-
sonal/intraseasonal variability along the equator
(ﬁgures 1 and S1). The correlation between them
is 0.91 and 0.82 in the central and eastern EIO,
respectively. Perhaps, the lower correlation in the
eastern part is owing to the large intraseasonal
variability there. Moreover, as observed, MOMCR
also suggests a similar spatial/temporal variabil-
ity along the EIO (ﬁgure 2), except the fact that
annual signal is much stronger in the model as
opposed to observation.
Nevertheless, observation and model simulations
do suggest a dominance of the intraseasonal vari-
ability along the eastern part of the EIO and
thus, indicate the possible inﬂuence of intrasea-
sonal forcing on the strength and variability of
WJs.
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Figure 2. The FFT amplitude spectrum for the observed near surface (40 m) zonal current at the central (80.5◦E, left
panel) and eastern (90◦E, right panel) EIO. The blue curve show the upper and the green curve show the lower limit of
95% signiﬁcance level, respectively. Ratio of amplitudes in the intraseasonal band (30–90 day) to semiannual band (160–200
day) at 80.5◦E and 90◦E are 0.26 and 0.51, respectively. Note here that in order to calculate spectra, data record of length
2005–2008 (2001–2008) is considered for the central (eastern) EIO.
4. Results
In this section, we describe the variabilities of the
observed currents in central and eastern EIO with
more focused discussion on WJ dynamics, we use
both observational data sets and a suite of model
simulations (described in section 2.3).
4.1 Observations
In order to understand the interannual variability
of the spring and fall jets we have analysed the
wavelet spectrum of zonal winds, zonal currents
and wavelet coherence analysis (WCA) between
them at the central and eastern EIO (ﬁgures 3 and
4). The WCA not only determines the correlation
between two signals but also provides the phase
relationship between them.
In the central EIO, zonal winds are dominated
by the semiannual band of the spectrum with the
strongest energy peak seen during 2005 followed by
the weakest peak in the summer of 2006 (ﬁgure 3).
Moreover, the signiﬁcant intraseasonal variability
is evident in almost all the years studied here.
The variability shows a seasonal pattern with max-
ima occurring mostly during spring and fall. Zonal
currents also exhibit similar collocated spectral
peaks for the semiannual and intraseasonal bands
during 2005; but the energy weakens/disappears
from fall 2006, particularly for the semiannual
band due to anomalous easterlies driven by IOD
events. Consequently, during 2005, the WCA shows
a strong in-phase coherence between the winds and
the currents for the semiannual band. Moreover,
the strong coherence is observed for the intra-
seasonal band in all years except during fall 2006.
Surprisingly, even though the spectral power of
the semiannual period for both the ﬁelds is much
stronger compared to the intraseasonal period,
the WCA suggests equivalent amplitude for both
the bands indicating the fact that the weaker
intraseasonal winds strongly couple with the
intraseasonal currents in the EIO. Perhaps, due
to the fact that smaller fetch of the intraseasonal
winds ﬁt well with the length scale of the intrasea-
sonal Kelvin waves and thus eﬃciently excite them
(Chatterjee et al. 2013).
In the eastern EIO, in addition to the
semiannual and intraseasonal bands, zonal winds
also show strong annual period across the years
(ﬁgure 4). Annual peak is, in fact, stronger than the
semiannual peak in the wind spectrum. However,
the near-surface zonal current shows the strongest
peak for the semiannual band. Han et al. (1999)
attributed this stronger semiannual response to the
prevailing zonal structure of the semiannual winds,
geographic resonance and mixed layer shear ﬂow
of the EIO. Moreover, note that the intraseasonal
band of both the ﬁelds, winds and currents, shows
a stronger amplitude at 90◦E compared to that at
80.5◦E for most of the years. Unlike central EIO,
in the eastern EIO, the WCA suggests no coher-
ent relationship between the equatorial winds and
currents in the annual/semiannual band, indicat-
ing that the overlying semiannual winds are not
the primary cause of the semiannual currents in
the eastern EIO and, in fact, are remotely forced
west of the 90◦E. Furthermore, they are highly
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Figure 3. Morlet wavelet power spectra of the equatorial surface zonal wind (10−4 m2 s−2, top panel) and near surface
(40 m depth) zonal current (10−8 m2 s−2, middle panel) observed at 80.5◦E. The bottom panel represents the wavelet
coherence between them. The arrow shows relative phase relationship with in-phase (anti-phase) pointing towards right
(left). Wind leads (lags) the current in anticlockwise (clockwise) direction. The black curve marks the cone of inﬂuence for
the wavelet spectra. The horizontal black lines mark the 30-, 90-, 180- and 360-day period.
coherent with each other in the intraseasonal band,
primarily during spring of 2001–2005 when the
stronger WJs are observed in the ADCP records
(ﬁgure 1). This substantial coherence between the
zonal current and the zonal wind variability for
the 30–90-day period band indicates the consider-
able contribution of intraseasonal winds in driving
the zonal current in the eastern EIO.
4.2 Model solutions
4.2.1 Climatological solutions
For understanding the annual cycle of the WJs
and its relation to the direct wind forcing, here
we have analysed various climatological solutions.
Figure 5 shows that the 120-day low-pass ﬁl-
tered (seasonal/semiannual) climatological zonal
wind stress ﬁeld exhibits two strong westerly peaks
during April–May and November–December along
the entire stretch of the EIO. During April–May,
the seasonal/semiannual winds are particularly
stronger within 65–90◦E, but weaken signiﬁcantly
close to the eastern boundary. However, during
November–December, westerly winds are stronger
in the eastern part of the basin, with enhanced
westerly winds observed along the entire EIO
except close to the western boundary. In contrast,
the 120-day high-pass ﬁltered (intraseasonal) wind
stress shows a sprinkle of strong westerlies through-
out the year, but the strength is notably much
higher during the later part of April to early part
of May and stretches across almost the entire EIO.
This intraseasonal band also shows stronger west-
erlies during November, but the strength is much
weaker compared to spring.
As a response to the wind in early May, the
jet in the solution CLIM is conﬁned to the east
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Figure 4. Same as ﬁgure 3, but for 90◦E.
of 55◦E of the EIO with maximum strength of
about 1.7 m s−1 at around 80◦E (ﬁgure 6). The
solution CLIM120lo exhibits a similar response,
except the fact that jet disappears east of 85◦E and
also the maximum amplitude of the jet is weaker
(i.e., around 1.2 m s−1) than the CLIM solution.
Notably, the stronger semiannual response is
collocated with the stronger semiannual wester-
lies. The disappearance of the signal in the eastern
part of the basin is likely due to the Rossby wave
reﬂection oﬀ Sumatra coast (McCreary et al. 1993)
and downward propagation of energy (McCreary
Jr 1984) of the free Kelvin wave generated out-
side the forcing region. On the other hand, the
solution CLIM120hi shows a signiﬁcant amplitude
(0.4–0.7 m s−1) east of 70◦E. However, owing to
the presence of intraseasonal westerlies, the jet is
extended further east to 95◦E into the EIO. In con-
trast, during fall, the jet in the solution CLIM is
spread over a much larger region starting from the
western boundary of the equatorial basin. More-
over, the width of the jet is also much narrower
compared to spring, particularly in the eastern
EIO. The solution CLIM120lo is almost a close
replica of the solution CLIM and the amplitude
of the jet is much stronger compared to spring.
Also, unlike spring, fall jet extends up to the east-
ern boundary of the basin, a forced response of
the semiannual zonal wind stress along the EIO.
Further, the positive zonal current in the solution
CLIM120hi becomes either very weak or absent.
Moreover, note that the sum of the solutions
CLIM120lo and CLIM120hi is nearly equal to
solution CLIM. Figure 6 shows the diﬀerence of
CLIM and CLIM120lo (hereafter referred as CLIM-
diﬀ). For a completely linear system, one would
expect the ﬁltered response (CLIMdiﬀ) to be iden-
tical to the solution forced by the ﬁltered winds
(CLIM120hi). We ﬁnd that CLIMdiﬀ is slightly
weaker than the CLIM120hi, particularly in the
eastern EIO. One possible reason for these discrep-
ancies between CLIMdiﬀ and CLIM120hi is the
anomalous shoaling of the mixed layer close to the
eastern boundary of the basin in the CLIM120hi
experiment. As a result, the forced response of the
intraseasonal winds is stronger in the CLIM120hi
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Figure 5. Climatological wind stress with period above 120 days (left panel) and period below 120 days (right panel).
Horizontal lines represent 12th May and 1st November, the peak of the spring and the fall WJ, respectively.
experiment than the control run, particularly close
to the eastern boundary of the basin. Another
reason for these diﬀerences may be attributed to
internal variabilities of the system as earlier noted
by Han (2005) and Nagura and McPhaden (2014).
In order to understand the inﬂuence of instability
in the weaker response of the CLIMdiﬀ in the
eastern EIO, 120-day high-pass ﬁeld of the
CLIM120lo (hereafter referred as CLIM120lohi) for
spring and fall period is shown in ﬁgure 6 (bottom
panels). Since the wind forcing for the CLIM120lo
experiment has no energy below 120-day period,
any high-frequency response below 120-day period
should be due to the internal variability of the sys-
tem. However, CLIM120lohi exhibits an order of
magnitude weaker response compared to the direct
wind forced response CLIM120hi, suggesting that
instability might be important to amplify the signal
in the eastern EIO, but direct wind forcing is still
the dominant forcing along the central and eastern
EIO. Thus, even though nonlinear term exists in
the OGCM, it does not include the nonlinear inter-
actions between ‘intraseasonal wind forcing’ and
‘seasonal surface currents and equatorial under-
currents’, which are shown to be important in
producing the rectiﬁed eﬀects on the WJs surface
strength and transport (Han et al. 2004).
Hence, in spite of weaker semiannual signal
during spring compared to fall, large intraseasonal
signal ampliﬁes the WJ during spring; therefore,
allows both WJs (spring and fall) to be of compa-
rable magnitude along the EIO, particularly in the
eastern EIO.
4.2.2 Interannual solutions
To better understand the relative role of the
intraseasonal and semiannual winds on the dynam-
ics of the WJs, we rely on the results from the
MOM120lo and MOM120hi experiments. Figures
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Figure 6. Comparison of the snapshots of zonal current (m s−1) from solution CLIM (a), CLIM120lo (b), CLIM120hi (c),
CLIMdiﬀ (d) and CLIM120lohi (e) for the spring and fall.
7 and 8 (also ﬁgures S2 and S3) show the zonal
currents from the solution MOMCR, MOM120lo
and MOM120hi. Note that the addition of MOM1
20lo and MOM120hi solutions does not compare to
the MOMCR solution perfectly, a detailed discus-
sion on the possible cause of these discrepancies is
given in section 4.2.1. Nevertheless, strong over-
lapping between the MOMCR solution and the
addition of MOM120hi and MOM120lo supports
the quasi-linearity of the system as earlier noted by
many (Han et al. 1999; Miyama et al. 2006; Nagura
and McPhaden 2012) and therefore, this technique
can give the essence of each of the periodic band’s
contribution towards the total variability along the
EIO.
At 80.5◦E, the solution MOM120lo follows the
solution MOMCR more closely compared to the
solution MOM120hi. The overall correlation be-
tween MOMCR and MOM120lo is 0.83, which is
much higher than the correlation between MOMCR
and MOM120hi (0.55). This indicates that the
zonal currents are predominantly driven by the
local seasonal/semiannual winds in the central
EIO which is in agreement with observations. In
contrast, at 90◦E, the solution MOM120lo is much
weaker and the solution MOM120hi determines
most of the variability seen in the MOMCR. As
expected, the correlation between MOMCR and
MOM120lo is reduced to 0.6, whereas it increases
considerably to 0.68 between the MOMCR and
MOM120hi here. Moreover, note that irrespective
of the location, both the frequency bands i.e.,
semiannual and intraseasonal are always in phase
and thus interfere constructively to achieve the
observed peak in the strength of the WJs. For
example, during spring 2003, when the strength
of the jet is strongest of the decade, the solution
MOM120hi determines the steepness of the jet, but
the solution MOM120lo contributes constructively
as a background current (ﬁgure 8).
In addition, the wavelet spectra of the equatorial
zonal current (ﬁgures 9 and 10) indicate a domi-
nant semiannual variability during spring and fall
of 2002–2004 and 2011–2013 with the maximum
amplitude restricted to 55–80◦E; further east, spec-
tral energy decreases rapidly. In contrast, intrasea-
sonal period shows the strongest spectral peak in
the eastern EIO and energy decreases westward. In
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Figure 7. Comparison of surface zonal current from MOMCR, MOM120lo and MOM120hi at 80.5◦E. Colour shading mark
the spring and fall periods. Note: IOD years are shown in the supplementary ﬁgure S2.
general, the intraseasonal energy is stronger during
spring compared to fall for all the years. Also, the
spectral energy for both semiannual and intrasea-
sonal period bands is weakest during 2006–2008
owing to the positive IODZM. One of the striking
feature to note here is the intraseasonal variability
in the eastern EIO that is maximum during 2003
and 2013 of all the other years and consequently we
also observe the strongest spring jets of the decade
in these 2 years.
5. MJO factor
In the previous sections, we have shown that there
exist signiﬁcant intraseasonal currents, driven by
intraseasonal winds, which inﬂuence the strength
and variability of WJs. MJOs account for most of
the observed intraseasonal variability in the trop-
ical Indian Ocean, particularly during November–
May, which is the active phase of MJO (Lau and
Waliser 2011). In this section, we have elaborated
the inﬂuence of MJOs on the strength of equatorial
zonal currents, particularly for WJs.
MJOs are 30–90-day eastward propagating
convection and associated winds from the western
Indian Ocean across the maritime continent into
the equatorial Paciﬁc (Madden and Julian 1972).
MJO phases can be deﬁned in terms of the timing
and locations of its centre of convection (maximum
rainfall anomalies) and the associated wind ﬁelds.
Most commonly used MJO phases are based on
the RMM index of Wheeler and Hendon (2004). To
clearly observe the MJO association with zonal cur-
rents, the RMM phases of MJO are analysed here
in context of WJs. Figure 11 shows the strength
and location of the MJO during 2000–2014. Note
here that MJO phases 2–4 are important in this
context as they correspond to the convection in
the eastern EIO and over the maritime continent
and therefore, lead to intraseasonal westerly wind
bursts along the EIO. The year-wise analysis of the
MJO index shows signiﬁcant MJO activity during
the spring of 2002–2005, 2010–2011 and 2013–2014
(ﬁgure 11). This is the time when most of the rela-
tively stronger spring WJs are observed (ﬁgures 1
and S1) in the last two decades. Moreover, note
that during fall the strength of the MJO is either
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Figure 8. Same as ﬁgure 7, but for 90◦E.
Figure 9. Wavelet spectra (10−4 m2 s−2) of the zonal current from MOMCR along the equator averaged over spring WJ
period (1 May–30 May) and over 1.5◦S–1.5◦S longitude band. The horizontal lines represent the 30-, 90- and 180-day period.
The dominant frequency is semiannual band across the entire EIO. In addition, signiﬁcant intraseasonal variability is also
noticed conﬁned in the central and eastern EIO.
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Figure 10. Same as ﬁgure 9, but for the fall WJ period (1–30 November).
very weak or active in the western Paciﬁc region
across all the years (ﬁgure S4). This indicates that
during spring the intraseasonal westerlies associ-
ated with the MJO inﬂuence the strength of the
WJs; whereas, during fall, lack of MJO activity
in the EIO weakens the presence of intraseasonal
forcing there. Further, weakening of MJO strength
during 2006–2008 also coincides with the weaker
WJs in the central and eastern EIO.
A close look at the MJO index (ﬁgure 11) also
suggests that the strength of the spring time MJO
activities over the phases 2–4 are comparable for
all years for 2002–2005, 2010–2011 and 2013–2014
with slightly stronger magnitudes during spring of
2004 and 2005. However, observations and model
simulations indicate stronger WJs during spring of
2002, 2003 and 2013; moderate during 2004–2005,
2010, 2014; and absent during 2011. One possi-
ble reason for this discrepancy in oceanic response
to MJO winds is that during spring of 2002–2003
eastward propagation speed of MJO-induced con-
vection is relatively slow and therefore, associated
westerly wind ﬁeld over the eastern Indian Ocean
persist for a longer time driving very strong equa-
torial jet there (ﬁgure 11). On the other hand,
in the subsequent years, even though convection
is stronger, the MJO propagation speed is much
faster. Therefore, wind ﬁeld is imposed on the
ocean surface for much shorter time leading to
ineﬃcient and weaker excitation of equatorial jets.
Further, the analysis of the 30–90-day ﬁltered OLR
and the associated surface zonal wind vectors,
which are good proxies for MJO-related convection
(ﬁgure 12), suggests that during 2002, 2003 and
2013 MJO convection is situated over the equator
and therefore, wind ﬁeld is symmetric about the
equator, whereas during 2004 and 2005 convection
is stronger, but it is oﬀ the equator. Moreover,
during 2011 MJO convection appears in the bay,
completely away from the equator. Since it is
known that symmetric zonal wind ﬁeld is necessary
in order to eﬃciently excite WJ along the equator
(Yoshida 1960), strongest WJs are observed dur-
ing 2002–2003 and 2013. Whereas during 2004 and
2005 convection is stronger, but it is slightly oﬀ the
equator, resulting in a weaker symmetrical com-
ponent of the zonal wind ﬁeld about the equator
and drives a moderate WJ in the EIO. Similarly,
in the absence of no symmetrical wind component
no spring jet is observed during 2011. Note here
that during rest of the years the MJOs are either
absent or in an unfavourable phase along the EIO
leading to an absence or weaker WJs there.
6. Summary and conclusion
In this study, we examine the direct wind forced
dynamics of the equatorial zonal currents in the
Indian Ocean using observations and model sim-
ulations. In particular, we explore the distinct
contributions of semiannual and intraseasonal wind
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Figure 11. RMM index for the year 2000–2014 during spring period of WJs (April–May). The Y-axis represents phase of
the MJO event with phases 2–4 is over the eastern Indian Ocean and Indonesian continents. Colour represents the strength
of the MJO activity and slope of the lines represent the propagation speed of an MJO event across the phases.
Figure 12. Snapshots of the 30–90-day ﬁltered OLR (shaded, W/m2) and wind stress with magnitude more than
0.02 dyn cm−2 (vector; every 4th vector is plotted) for the day when the strength of the convection and associated wind
ﬁeld is maximum and strong WJs are seen along the EIO.
forcing in the variability of WJs based on
observations and model solutions. The model cap-
tures the observed interannual variability of the
WJs reasonably well (ﬁgures 1 and S1) except the
fact that model simulated magnitude of the fall
jets has a small positive bias, particularly in the
eastern EIO. This bias is mainly due to the model’s
diﬀused thermocline in the eastern EIO. This is a
very well-known problem with model simulations
and common to all the state-of-the-art models.
A similar problem with the model in the eastern
EIO is also noted by Shinoda et al. (2016). These
smaller discrepancies between the model and the
observations are more related to model deﬁciencies
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Figure 13. Comparison of climatological mean zonal wind stress (upper panel), mean MLD (middle panel) and standard
deviation of MLD (lower panel) along the EIO for the spring (1 May–30 May) and fall (1–30 November).
and also most likely linked to the available forcing
as well.
WCA between the observed winds and currents
at the equatorial RAMA locations indicates that
semiannual currents at the central EIO are strongly
coupled with the overlying winds, but, at the
eastern part, it is primarily driven by the signals
forced in central and western EIO. However, for the
intraseasonal band, strong coherency is observed
between winds and currents for both the RAMA
locations during prevailing spring WJs. This indi-
cates that the signiﬁcant part of the forcing for the
WJs in the EIO is from the intraseasonal frequency
band which results in intraseasonal jets during the
peak period of the WJs.
The dynamics of the WJs are further examined
by various ideal model experiments. We concluded
that both semiannual and intraseasonal frequen-
cies determine the variability of the zonal current
in the EIO (ﬁgures 9 and 10). The semiannual
current is the dominating signal throughout the
equator with maximum amplitude in the cen-
tral EIO, but owing to the reﬂection of equato-
rial Rossby waves exhibits much weaker energy
close to eastern boundary (McCreary et al. 1993).
Whereas, for the intraseasonal signal, the strongest
amplitude is located oﬀ the eastern boundary of the
basin, but amplitude decreases rapidly westward
west of 75◦E. Further, the climatological solutions
show that the spring jets comprise of signiﬁcant
intraseasonal jets in the central and eastern EIO
forced by intraseasonal winds. However, for the fall
jet, contribution of intraseasonal forcing is much
weaker.
Considering the striking and new result that
the intraseasonal component of the WJ is much
stronger in spring, it is natural to focus on the
forcing mechanism, i.e., the winds. As shown in
ﬁgure 13, the westerlies in May are stronger, espe-
cially in the western-central EIO and the variance
is much higher in the intraseasonal band in May
(ﬁgure 4). Thus, the direct forcing itself is much
stronger at intraseasonal time scales in spring. Not
surprisingly, this leads to a deeper MLD in the
eastern EIO in spring. Noting the weaker west-
erlies in the eastern EIO in spring, the deeper
MLDs are clearly due to the remote forcing by
the downwelling Kelvin waves and the associated
deepening of the thermocline and the weakening of
the stratiﬁcation (see, e.g., Shinoda and Hendon
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1998; Waliser et al. 2003). This thermal inertia in
May may be of consequence to the lower frequency
variability especially considering that the IODZM
tends to be in its onset phase during spring and
the role of WJ is invoked in earlier studies (Vinay-
achandran et al. 1999; Annamalai et al. 2003; Han
et al. 2006; McPhaden et al. 2015; Wang et al.
2016). The role of the spring WJ and its low-
frequency variability (Joseph et al. 2012) in the
IODZM, monsoon variability and ENSO–monsoon
interactions need to be understood given the role
of intraseasonal wind variability in the spring WJ
itself (Wu and Kirtman 2004; Annamalai et al.
2005; Krishnan et al. 2011).
We also ﬁnd that the interannual variability of
spring jets is attributed to intraseasonal variability
of the jets. It is noticed that just the presence of
active MJOs does not assure a stronger WJ. But
the position of MJO associated convection and its
phase speed play a very critical role in determining
the strength of the spring jets (ﬁgures 11 and 12).
For example, we observed one of the strongest
spring WJs in the last decade for years 2002–2003
and 2013 though there is strong spring time activ-
ity seen in the Indian Ocean during many other
years like 2004–2005, 2010–2011 and 2014. Notably,
during the post-2006 era, the intraseasonal vari-
ability is found to be much weaker for most of
the years. As a result, in response to weaker MJO
activities, the magnitude of the spring jet remains
weaker compared to the fall jets, particularly at
central EIO (ﬁgure S2). This weaker magnitude
of the spring jets compared to the fall jets dur-
ing this period was reported earlier by McPhaden
et al. (2015).
In conclusion, we have analysed the detailed
wind forced dynamics of WJs in the central and
eastern EIO, where the strength of the jet reaches
its maximum. We show that although semian-
nual are the predominant forcing of the WJs,
a signiﬁcant intraseasonal energy is evident dur-
ing the spring in the central and the eastern
EIO. The intraseasonal currents induced by the
MJO can superimpose constructively with semian-
nual currents during the peak time of the spring
to obtain the observed strength of the spring
jets. Also, the variation in the strength of the
intraseasonal spring jets reﬂects into the inter-
annual variability of the spring WJs. Although,
there is considerable interannual variability in
the strength and timing of the WJs, the pro-
cesses identiﬁed in this study are active every
year.
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